Introduction
Today, the knowledge that specific genetic variants can contribute to disease resistance in humans is well known (Dronamraju, 2004; Kaslow et al., 2008) . Haldane (1949a) is widely credited with first proposing that genetic resistance to a disease was potentially an important evolutionary force in humans. Before discussing malaria resistance further, it is worthwhile to consider the initial historical contribution and insights of JBS Haldane, one of the founders of population genetics, to the population genetics of malaria resistance in humans.
Acknowledgment to the general review entitled 'Disease and Evolution' by Haldane (1949a) is confusing because there is nothing discussed about human resistance to disease in the body of this manuscript from a meeting in 1948 in Milan. Only in the subsequent discussion from G Montalenti at the end of the article (in Italian), and then from Haldane's response to Montalenti's comment, is this hypothesis put forward. As a result, it is useful to present below a translation of these comments from the Italian and Haldane's brief response.
MONTALENTI. Stresses the importance of the views expressed by Professor Haldane. Recalls the case of microcitemia or thalassemia studied by Silvestroni, Bianco and Montalenti. Recalls a gene, lethal in the homozygous state (Cooley's disease) occurs, in the heterozygous state, with such frequency in some populations (more than 10%) that one must admit that it represents in this condition an advantage for individuals that carry it. Because of some research, far from complete, it appears that the gene is more frequent in malarial areas. Professor Haldane has suggested in verbal communication that individuals with microcitemico, who among other characteristics have increased globular resistance, may be more resistant to malaria. However, this is an interesting case of heterosis, which relates to what was described by Professor Haldane.
HALDANE. 1: I agree with Dr Montalenti's project.
Another possibility is that (by analogy with the advantage possessed by vermillion Drosophila on media deficient in tryptophan) microcythemic heterozygotes may be at an advantage on diets deficient in iron or other substances, thus leading to anaemia.
In addition, at the VIII International Congress of Genetics in Stockholm in 1948, actually previous to the Milan meeting, Haldane (1949b) outlined his hypothesis in more detail. This was in response to the idea put forth by Neel and Valentine (1947) that different human populations may have different mutation rates.
Finally, Neel and Valentine (1947) have calculated a mutation rate for the gene which when homozygous gives rise to the lethal condition of thalassemia major (Cooley's anemia), while the heterozygote has a mild microcytic anemia with decreased fragility of the erythrocytes. The gene is found in about 4.1% of the people of Italian origin in Rochester, NY. If the heterozygote had normal viability, equilibrium would be secured by a mutation rate of 4 Â 10
À4
. On the other hand, if the heterozygotes had an increased fitness of only 2.1% there would be equilibrium without any mutation at all.
Neel and Valentine believe that the heterozygote is less fit than normal, and think that the mutation rate is above 4 Â 10 À4 rather than below it. I believe that the possibility that the heterozygote is fitter than normal must be seriously considered. Such increased fitness is found in the case of several lethal and sublethal genes in Drosophila and Zea. A possible mechanism is as follows. The corpuscles of the anemic heterozygotes are smaller than normal and more resistant to hypotonic solutions. It is at least conceivable that they are also more resistant to attacks by the sporozoa that cause malaria, a disease prevalent in Italy, Sicily and Greece, where the gene is frequent. Similarly, the gene, which causes an anemia similar to that of iron deficiency, might be harmless or even useful to persons on an iron-deficient diet, although causing a relative anemia when the diet is more generous. Numerous other similar hypotheses could be framed. On many of them, the gene would lower fitness in America, but might, at least in the heterozygous condition, have the opposite effect in Greece or Sicily. Until more is known of the physiology of this gene in various environments, I doubt if we can accept the hypothesis that it arises very frequently by mutation in a small section of the human species.
From examining these passages, it seems appropriate to cite Haldane (1949b) as the first source of the idea that genetic variants in humans may confer resistance to malaria (see also the discussion in Crow, 2004; Weatherall, 2004) .
At present, it is difficult to imagine that Haldane in 1948 was the first to articulate the potential importance of genetic variants in humans for resistance to malaria (actually, Beet, 1946 found that there were lower rates of malaria in sickle-cell heterozygotes than in normal individuals). The first generally recognized evidence for genetic resistance to malaria was published only a few years later by Allison (1954 Allison ( , 2004 showing that the densities of the malarial parasite, Plasmodium falciparum, were significantly lower in sickle-cell hemoglobin heterozygotes AS than in normal AA individuals. Allison (1955) then discussed the evolutionary implications of his findings in the influential 1955 Cold Springs Harbor Symposium on Quantitative Biology, probably the initiation of the large effort, both medically and evolutionarily, to understand genetic resistance to malaria in humans (see also Allison, 1964) . Overall, the original 'malaria hypothesis' of Haldane that diseases such as thalassemia are polymorphisms with an advantage to heterozygotes because of the balance of the benefits of resistance to malaria and detrimental effects due to the disease has been proven correct; however, the actual mechanisms of protection for different genetic variants have often proven to be complicated to understand.
My purpose here is to discuss some of the recent evolutionary genetic developments in human genetic resistance to malaria. Fortunately, in recent years there have been excellent reviews of the mechanisms of malaria resistance, as well as surveys of the many genes that may putatively confer malaria resistance (Kwiatkowski, 2005; Verra et al., 2009; Ló pez et al., 2010) . Therefore, I will not discuss in detail the molecular basis of the mechanisms of resistance or enumerate all the potential malaria resistance genes, but will focus on the genetic variants in which there is strong evidence for resistance, and data useful for population genetic approaches and analysis. Understanding the geographic patterns of these variants is fundamentally influenced by resistance selection, but would also include consideration of gene flow, mutation, genetic drift and the interaction of all these factors. I will mention these other evolutionary factors as appropriate, but will focus here on the effect of selection on these advantageous variants. I will also discuss the population genetics of two examples in which there are two malarial resistance variants in the same population, the two alleles S and C at the b-globin locus and then alleles at two different genes, the S allele at the b-globin locus and the a þ thalassemia variant at the a-globin locus.
General background
Surprising to many today, malaria was endemic in southern parts of Europe and North America less than a century ago and was not eliminated from many locations around the Mediterranean Sea until after World War II in the late 1940s. Today malaria is still found across most of sub-Saharan Africa and in extensive regions in Asia and South America. To illustrate the human impact of malaria, in 2008 there were 243 million clinical cases and an estimated 863 000 deaths from malaria (WHO, 2009 ), many of whom were children, making it one of the leading causes of death worldwide. Most of this mortality is from 'severe malaria,' which is due to P. falciparum, begins about 6-14 days after infection from mosquitoes, has the biggest impact on children and pregnant women, progresses rapidly and can cause death within hours or days (here, I will generally be considering the impact of severe malaria). The past mortality rate from malaria was even higher, particularly for populations without previous exposure to malaria. For example, on the west coasts of Africa in the early 1800s, mortality rates in Europeans often exceeded 50% per year (Curtin, 1989) . After quinine was introduced in the later 1800s, the mortality rate reduced to about 25% of that before its introduction, indicating that the great majority of the mortality was due to malaria. It is generally assumed that death from malaria increased between 10 000 and 5000 years ago with the development of agriculture and settlements. These changes are thought to have increased both the density of the malaria mosquito vector and human population density, thereby greatly facilitating the transmission of malaria (Carter and Mendis, 2002) . Support for this hypothesis comes from some molecular analysis of P. falciparum strains that suggests that the African malaria population expanded around 10 000 years ago and spread to other areas (Joy et al., 2003) . In addition, chromosomal data from the mosquito vector Anopheles gambiae support contemporaneous speciation (Coluzzi et al., 2002 see also; Lawniczak et al., 2010 and Neafsey et al., 2010) . Recent analysis suggests that P. falciparum in humans is the result of cross-species transmission from gorillas (Liu et al., 2010) . Although it is not possible to date this transmission precisely at this point, it appears recent and may be coincidental with the advent of strong selection for malaria resistance in humans.
Although I will generally not discuss the mosquito vector of malaria here, Carter and Mendis (2002) summarized some relevant information about vector-host preference. In most areas where endemic malaria is prevalent, Anopheles mosquitoes are generally highly zoophilic, rather than anthropophilic, that is, they greatly prefer animals to humans for blood meals. However, in sub-Saharan Africa, these mosquito vectors are highly anthropophilic. Livingstone (1958) suggested that this was an adaptation to preference for humans in the new agrarian environments that had both high densities of humans and provided numerous small water pools for mosquito development. On the other hand, in Asia and the Middle East, there was an abundance of domesticated animal species during the rise of agriculture, which served as a blood source for mosquitoes; there were generally no such domesticated animal sources in Africa.
P. falciparum is the malarial species that is the most important cause of mortality in humans but, in addition, nearly 3 billion people, mainly in Asia and South America, are at risk from another malaria species, P. vivax, which causes chronic disease and deadly complications (Guerra et al., 2010) . Three more species, P. ovale, P. malariae and P. knowlesi (Cox-Singh et al., 2008) can also cause malaria in humans. Infections with malaria may reach very high levels, for example, Mueller et al. (2009) found that 73% of a Papua New Guinea population were infected. When the species of malaria infecting individuals were identified, 54.9, 35.7, 13.4 and 4.8% of the individuals were infected by P. falciparum, P. vivax, P.malariae and P. ovale, respectively, and a significant excess of mixed infections over expectations was detected.
As a result of the high mortality and widespread impact of malaria, it is thought to be the strongest evolutionary selective force in recent human history (Kwiatkowski, 2005) . In fact, genes that confer resistance to malaria provide some of the best-known case studies of strong positive selection in modern humans. For example, maintenance of the sickle-cell hemoglobin variant is the classic example of heterozygote advantage, G6PD deficiency is an example of very strong selection at an X-linked locus, variants at b-globin (S, C and E) and those causing G6PD deficiency (A-, Med and Mahidol) illustrate selective advantage from a single-nucleotide change, HLA-B53 provides an example of a selective advantage of a gene conversion product and a-thalassemia provides an example of selection on duplicated loci. Before I examine resistance from some specific genetic variants, let me summarize several important general findings related to genetic resistance to malaria in humans.
(1) There is extensive overlap of the historical geographical distribution of malaria and human genetic variants that confer resistance to malaria. For example, P. falciparum is found across Africa and Asia, as are the resistance variants of hemoglobin and G6PD. Further, in regions of high endemic malaria, such as subSaharan tropical Africa and lowland Melanesia, there are generally more than one resistant variant present. Resistant variants are generally not present in regions where there is no history of malaria, except in recent immigrants (O'Shaughnessy et al., 1990) . For example, there does not appear to be any of the common malariaresistant variants in native people of the new world (Livingstone, 1985) , apparently because their Asian ancestors were not exposed to malaria and malaria was only brought to the new world by early Spanish explorers in the 1600s and 1700s. In addition, there are convincing examples of microgeographic variation in bthalassemia with higher frequencies at lower altitudes in Sardinia where malaria was historically endemic compared with higher altitudes (Siniscalco et al., 1961) and variation of a-thalassemia (Flint et al., 1986) and bthalassemia (Hill et al., 1988) in Melanesia correlated with altitude, which is highly correlated with malaria endemicity.
(2) The presence of strong selective pressure for resistance to malaria has resulted in the high frequency of some detrimental genetic diseases, such as sicklecell anemia, thalassemia, G6PD deficiency and ovalocytosis. In fact, Weatherall (2010) has suggested that there is now a global health burden because more than 300 000 children are born each year with a severe inherited hemoglobin disorder that is in high frequency because it confers, or has conferred, malarial resistance. In fact, this strong selective pressure explains why disorders of the red blood cell are by far the most common genetic diseases in humans (Weatherall, 2008) . Further, it is possible that some of our other immunological, inflammatory and other chronic diseases found today may be due to the pleiotropic effects of the malaria resistance variants in high frequency because of the evolutionary pressure that malaria has exerted on humans (Kwiatkowski, 2005) .
(3) Many of the variants conferring resistance to malaria are 'loss-of-function' mutants and result in changed, generally reduced, expression or an altered product. In some cases, these mutants have a large pleiotropic cost associated with them and result in disease, as discussed above. In other cases, the change in expression or in gene product does not appear to have a major cost, as in the Duffy 'null' variants, the O in the ABO system and allele C for the b-globin gene.
(4) Variants at some loci conferring resistance to malaria are nucleotide-or codon-specific whereas others are quite general. For example, the two known independent Duffy 'null' variants in African and Papua New Guinea are at the exact same nucleotide position, 33 nucleotides upstream from the start codon apparently on different genetic backgrounds. Moreover, two of the three structural polymorphic b-globin variants that confer resistance to malaria, S and C, are at the same codon. The only other structural variant that appears to provide resistance to malaria, E, may provide protection because it alters b-globin expression and functions similar to a thalassemia variant. On the other hand, there are multiple variants that alter expression levels and provide protection within each of the categories known as a-thalassemia, b-thalassemia and G6PD deficiency.
(5) It appears that many of the genetic variants that provide resistance to severe malaria that have been dated are recent, not ancient, polymorphisms and that they have arisen in the last 5000-10 000 years or less (see Table 2 ). That is, these variants appear to date to a recent time when severe malaria became a strong selective force in humans. This means that these variants did not provide resistance to malaria in other species, that is, they are not trans-specific polymorphisms, and that they have been generated by new mutations in our recent human ancestors. Either there does not appear to be homologous resistance variants in other primates (Verrelli et al., 2006; MacFie et al., 2009) or the malaria resistance variants found in primates are not identical to those in humans (Tung et al., 2009 ).
(6) There are many different unlinked genes that appear to confer resistance to malaria in humans. Because the selection pressure from malaria through high mortality and widespread exposure is great, genes that provide resistance to malaria would be selected even though there may be a cost to resistance from genetic disease. In addition, there appears to be many different types of genes that can confer resistance. For example, Kwiatkowski and Luoni (2008) list potential resistance genes in the categories of hemoglobin genes, erythrocyte surface molecules, other erythrocyte-related proteins, adhesion molecules, mediators of innate immunity and acquired immunity genes. Recent genome-wide studies show the potential to identify many other genes that have a smaller effect on malarial resistance. Further, although much of the variation in malaria resistance appears because of genetic effects, only a small proportion of this variation appears because of well-known genetic factors, such as sickle-cell and a-thalassemia (Mackinnon et al., 2005) .
(7) Some of the genes that confer resistance to malaria are among the most variable genes in the human genome. The human leukocyte antigen (HLA), G6PD, globin and ABO genes are all among the most variable genes in the human genome and all appear to have variants that confer resistance to malaria. This high variation may be because genomic surveys have shown that disease resistance genes in general have high standing variation and that some of this variability provides resistance to malaria. It may also be because these regions have a high enough mutation rate by which they can generate enough variants quickly enough to provide variation for positive selection for malaria resistance.
(8) Different populations appear to have different levels of resistance to malaria even when they both live in the same, or similar, area where malaria is prevalent. These differences could result from non-genetic factors such as culture, nutritional status or patterns of disease transmission or incidence, but in some cases they appear to be from genetic differences such as different frequencies of resistance variants (for example, high frequency of Duffy 'null' in Africa confers resistance to P. vivax, see below; high frequency of a-thalassemia in Nepalese populations, Modiano et al., 1991) , epistasis with other host resistance variants or differences in unknown genetic resistance factors (Dolo et al., 2005) .
Resistance mutants
Many different genes are involved with genetic resistance to malaria (Kwiatkowski, 2005; Verra et al., 2009 ) and these genetic factors may vary over populations because of the presence or absence of specific resistant genetic variants, different species or strains of malaria and different effects of specific variants in given host genotypes. Other factors such as population structure and chance, as well as the experimental design or the phenotype(s) of malaria diagnosed in a given study, may impact the conclusions. Efforts to use genomics approaches and genome-wide association analysis have been initiated (Ayodo et al., 2007; Timmann et al., 2007; The Malaria Genomic Epidemiology Network, 2008; Jallow et al., 2009; Eid et al., 2010) and some new regions of potential malaria resistance have been identified.
In an estimate of the extent of malaria resistance explained by genetic factors in Kenya using pedigree analysis, 25% was attributed to additively functioning host genes and 29% to unidentified household effects (Mackinnon et al., 2005) . Only 2.1% of the variation was attributed to sickle-cell variation and, using an unrelated approach, only about 2% was attributed to a-thalassemia. In other words, a large part of the variation in malaria resistance was attributed to additive genetic effects, but only a small proportion could be attributed to the most well-known genetic factors in the population. Below I will concentrate on genes for which there is strong evidence for resistance and data that are useful for population genetic approaches and analysis. In general, I will discuss resistance variants that lower mortality from severe malaria, although resistance variants may reduce mortality or morbidity when malaria is not severe or have other impacts, such as reduction in the rate of malaria infection. Some other important genes not discussed here are those that are concerned with the innate immune response (as distinct from the innate resistance) and cytoadherence (Kwiatkowski and Luoni, 2008) . Some recent references to genes that are not discussed here are for the tumor necrosis factor (TNF) gene , the toll-like receptor (TLR) genes (Ferwerda et al., 2007) and the genes that cause CD36 deficiency .
Hemoglobin mutants
Hemoglobinopathies, inherited disorders of hemoglobin structure and function, consist of structural hemoglobin variants and the thalassemias, inherited defects that reduce production in the synthesis of the a-and b-globins of the human adult hemoglobin (Weatherall and Clegg, 2001; Weatherall, 2008) . Two a and two b subunits compose the tetrameric protein backbone of adult hemoglobin, and the a and b subunits are made up of 141 and 146 amino acids, respectively, each with three exons. The genes that code for a-and b-globins, HBA (there are actually two genes, HBA1 and HBA2, with identical amino-acid sequences) and HBB, are unlinked and are located on chromosomes 11 and 16, respectively. Hundreds of structural variants of adult hemoglobin have been documented (Giardine et al., 2007) , but only three, all at the HBB locus, S, C and E, have reached substantial frequencies in any populations. Two of these three, S and C, are different mutants (with different phenotypes) at the same amino-acid position 6 and, although E is a structural variant at amino-acid position 26, it also affects regulation in a manner similar to the thalassemias. Surprisingly then, the apparently advantageous structural variants are only at two codons in gene HBB, suggesting that mutants at other sites at the HBB locus, and all sites at the HBA loci, are either neutral or detrimental in malarial environments (or have not undergone mutation in malarial environments). Finally, every region in the world where malaria was prevalent has hemoglobinopathies, but no two areas have the same hemoglobinopathy or combination of hemoglobinopathies (Flint et al., 1998) . I will discuss some of these patterns below, but here I suggest that they appear to be caused primarily by differential mutation originating in various regions where malaria is prevalent and potentially by subsequent selective interaction between the variants.
Sickle cell, S or b S or HbS The sickle-cell allele (for simplicity I will symbolize it by S) was one of the first human genetic variants that was associated with a specific molecular-caused disease (Pauling et al., 1949; Ingram, 2004) . The sickle-cell allele is widely known as a variant that causes red blood cells to be deformed into a sickle shape when deoxygenated in AS heterozygotes, in which A indicates the non-mutant form of the b-globin gene, and also provides resistance to malaria in AS heterozygotes. In SS homozygotes, S causes the severe disease sickle-cell anemia. It is generally assumed that individuals with genotype SS had very low or zero fitness when, or if, there was no modern medical care. The greatest documented impact of S is that it protects against death or severe malarial disease in heterozygotes, and it appears that S has less effect on the rate of infection (Weatherall, 2008) . Multiple mechanisms of malaria protection in AS individuals have been proposed and supported, including that the growth of malarial parasites is suppressed in sickle cells.
The S allele differs from the normal A allele at one nucleotide at codon position 6 in the b-globin molecule, which translates into a change from the amino acid glutamic acid to valine (b6 Glu-Val and GAG-GTG; Table 1 ). The frequency of allele S is up to 0.2 in some parts of sub-Saharan Africa, Greece and India. There appears to be five independent origins, or mutations, of the S allele from the A allele, based on their existence in nearly non-overlapping geographical regions, four in Africa, Bantu (Central Africa Republic, CAR), Benin, Cameroon and Senegal, and another one in both India and Saudi Arabia, and the extensive differences in linked variants resulting in association with different classical haplotypes. Mediterranean S alleles appear to descend from the African S alleles, many of them from the Benin haplotype (Flint et al., 1998) . Recently, Ralph and Coop (2010) have shown that such parallel adaptation of multiple S alleles is not inconsistent with their theoretical spatial model and general estimates of mutation rate, gene flow, selection and population size, a finding consistent with that of Karasov et al. (2010) who suggest that mutation does not limit adaptation in many situations. On the other hand, it has been proposed that a plausible explanation for much of the haplotype diversity around S alleles is that it reflects past recombination and gene conversion (Flint et al., 1998) .
A general approach to determine the risk of individuals with a given genotype getting a disease, relative to that in the rest of the population, is to calculate the odds ratio (OR) as
where f c and f d are the frequencies of the genotype in control and diseased groups, respectively. Another measure of the protectiveness of a genotype from a disease is the relative risk (RR), which is
OR and RR are closest to each other when both f c and f d are in low frequency (for an introduction to OR and RR, see Agresti, 2007) .
In a large study of HLA variation and malaria in Gambia, Hill et al. (1991) also examined the effect of sickle-cell variation on the presence of severe malaria as a standard to measure the impact of HLA variation. In 619 children with severe malaria only seven (0.012) were AS, carriers of the S allele. On the other hand, in 510 other children, who were outpatients and termed 'mild controls', many more, that is, 66 (0.129) were AS. Further in this study, OR ¼ 0.082 and RR ¼ 0.093, indicating very great protection (often calculated as 1-OR or 1-RR) from severe malaria for AS genotypes. Ackerman et al. (2005) compared this 'case-control' method with a family-based method in more recent samples from Gambia and found similar OR values of 0.10 and 0.11.
To understand the dynamics of genetic change from adaptation for resistance to malaria, it is useful to estimate the selection coefficients for the different Table 1 The variants at the b-and a-globin loci that confer resistance to malaria and information about them, including their chromosomal location, molecular basis of the mutations, estimated number of independent mutations, extent of anemia and their general highest frequency genotypes, values that can be estimated from OR data; but first, let me show how OR can be used in a population genetics context. Let me define the probability that malaria is present, given the AS heterozygote, relative to the probability of malaria when another genotype is present, as w. Using the traditional population genetics equation for viability selection (without reproduction; Hedrick 2011a, p. 129), the frequency of the genotype AS in the disease group is expected to be
This expression can be solved for w and is identical to OR
The selection coefficient (s) for genotype AS can be estimated as
where m is the rate of non-genotype-specific mortality due to malaria (generally the mortality given that an individual has severe malaria) and 1-OR is the protection from malaria conferred by the genotype (after Hill, 1991; Hedrick, 2004) . (Note that both Hill (1991) and Hedrick (2004) used the symbol RR in this equation, but in fact used the definition of OR given in equation (1a), reflecting the similarity of these measures for rare genotypes and the less specific use of these terms in earlier studies). For example, for the AS genotype if OR ¼ 0.082 as above and Hill (1991) suggested a value of 0.07 for m whereas from studies by both WHO (1998) and Carter and Mendis (2002) , a value of at least m ¼ 0.1 may be appropriate. However, recognizing that the appropriate value of m here should reflect the mortality in the evolutionary period over the many centuries when malaria was endemic and that it should account for the cumulative mortality of individuals with malaria before reproduction (and selection should include the impact on reproductive and mating success), an even higher value may be appropriate. For example, Rowe et al. (2006) found that in rural West Africans in whom malaria is hyperendemic and there is inadequate medical care, B20% of the children die of malaria by the age of 5. As a result, I will use m ¼ 0.1 here as a general value for illustration, with the caveat that m, and the consequent selection coefficient, may actually have been significantly higher in the past.
Because this selection gives an advantage to the AS genotype, the relative fitness of the AS genotype is the highest (1) and the relative fitness of genotype AA is 1-s or 0.908; therefore, the relative fitness levels of genotypes AA, AS and SS become 0.908, 1 and 0. From these values, the expected equilibrium frequency of allele S (Hedrick, 2011a, p. 136 ) is 0.092/(0.092 þ 1.0) ¼ 0.084, not unlike that observed in many sub-Saharan populations.
The age of two of the putative S alleles has been estimated by examining the extent of linkage disequilibrium surrounding the HBB locus. Currat et al. (2002) examined the S Senegal haplotype in a sample from eastern Senegal, in which there has not been recent admixture, and found that all haplotypes were identical. Using a selective advantage of 0.152 for AS genotypes over AA, they estimated that the age of S Senegal alleles was between 45 and 70 generations (1125 and 1750 years using 25 years per generation; see Table 2 ). Currat et al. (2002) suggested that the S mutation may have been at low frequency in the population and that this age estimate reflects the time since selection for malaria resistance increased this Senegal haplotype. Modiano et al. (2008) estimated the age of the Benin S haplotype by estimating the number of generations taken to decay to the observed linkage disequilibrium from the maximum expected when the S mutation occurred. They estimated that the age of the mutation was very recent and between 10 and 28 generations (250-700 years).
What is the expected future frequency of S alleles, because malaria has been eradicated in many areas and because modern medical care has increased the survival of individuals with sickle-cell anemia? First, heterozygotes AS do not appear to have symptoms of anemia or other effects (costs) of carrying the S allele in nonmalarial environments (Sheng et al., 2010) , although some negative effects for AS individuals during strenuous exercise have been suggested (Connes et al., 2008; Tsaras et al., 2009) . As a result, the National Collegiate Athletic Association in the USA has instituted mandatory testing for sickle-cell carrier status for student athletes in its Division 1 sports (Bonham et al., 2010) . Second, with modern medical care, individuals with SS can live up to adulthood and reproduce with a much less reduction in fitness than without modern medical care. For example, Platt et al. (1994) found that the median age at death for individuals with sickle-cell anemia in the United States was 42 and 48 years for males and females, respectively (see similar results in Jamaica in Wierenga et al., 2001) . As a result, in the absence of malaria and with modern medical care, the relative fitness levels of genotypes AA, AS and SS can generally be indicated by 1, 1 and 1-s. With these fitness levels, we can calculate how long it would take for selection (against SS homozygotes) to reduce frequency of the S allele from q 0 in generation 0 to q t in generation t using the following equation Hedrick, 2011a, p. 126) . In African-Americans, the frequency of S is about 0.05 and the proportion of individuals with sickle-cell anemia is about 1 in 400. How long would it take for the frequency of the S allele to be halved to 0.025 (this decreases the expected proportion of individuals with sickle-cell anemia to 1 in 1600)? With q 0 ¼ 0.05 and q t ¼ 0.025, the term in brackets in equation (4) is 20.7. Therefore, the number of generations to halve the frequency of allele S is about 20.7/s. If we assume that s is still quite large, say 0.5, then it will take 41.4 generations, or 1035 years, to halve the frequency, quite a long time (of course if s is smaller, the decline would be even slower). The basis for this very slow rate of decrease is that most S alleles are in heterozygotes. Assuming that the frequency of alleles A and S are p and q, the proportion of S alleles in heterozygotes is pq/(pq þ q 2 ) ¼ p. In other words, 95% of the S alleles in this example are in heterozygotes in which selection cannot act against them. Consistent with this prediction, Hanchard et al. (2007) found no significant difference between haplotype frequencies from Jamaica, where there has not been malaria since 1963 (about two generations), and the ancestral African haplotypes. This is in contrast to when selection favored S because of protection from malaria and selection acted favorably on the proportion p of the S alleles that were in heterozygotes and consequently resulted in a fast increase in allele frequency. Gouagna et al. (2010) showed that there is higher transmission from the human host to the Anopheles mosquito vector of P. falciparum for S-and C-carrying individuals. This is an example of how host genetics can influence the efficiency of malaria transmission, but here the same host genotypes that confer protection against malaria appear to increase its transmission. However, individuals with these protective genotypes also use anti-malarial drugs less frequently because they may have more chronic, asymptomatic infections and therefore may become higher transmitters of infection (Gouagna et al., 2010) . Overall, it is not clear as to how these effects influence disease incidence and mortality in genotypically different individuals. Allison (1956) examined the effects and frequency of the hemoglobin C variant as well as sickle cell in his early studies in Africa. C is much more localized in central West Africa and reaches an allele frequency up to 50% in the Ivory Coast. C provides protection against P. falciparum malaria in both heterozygotes AC and homozygotes CC, although the estimated level of protection in heterozygotes appears to vary in different studies (Modiano et al., 2008 see discussion below). The protective effect of C may result from increased immune clearance of infected erythrocytes. From examination of haplotypes and from its geographic distribution, there appears to be a single origin of C in Africa (Flint et al., 1998) . The C variant has also been found in Thailand on a different, non-African haplotype, indicating a second, independent origin (Sanchaisuriya et al., 2001) . Because in routine hemoglobin typing, C is often mistaken for variant E, which is common in parts of Thailand, the frequency of C in Thailand is not known precisely.
The change in the b-globin molecule for C is at the same amino-acid position as for S, but results in a change from glutamic acid to lysine rather than to valine (b6 Glu-Lys or GAG-AAG). There does not appear to be any cost from anemia or other traits to either the heterozygote AC or the homozygote CC, although CC homozygotes have symptoms comparable with a mild form of thalassemia. Individuals with the genotype SC have anemia, but it is milder than sickle-cell anemia (the much lower fitness of SC than AS indicates that C is different from the wild-type A allele). As a result, it appears that C could eventually go to fixation in malarial environments and could even replace S (Modiano et al., Here, the age of the allele generally corresponds to the time as strong selection for malaria resistance due to high mortality began the increase in frequency of a given variant. Also given is the estimated selection coefficient where -indicates no selection (neutrality) is assumed in the estimation and the selection coefficients with an * are assumed, not estimated, values.
Population genetics of malaria resistance PW Hedrick 2001; Hedrick, 2004) . However, Modiano et al. (2008) suggested that C is not as widespread as S because it is recessive in its advantage for malaria resistance (see below for a discussion). Wood et al. (2005) used a coalescent-based approach to jointly estimate the time since the C allele began to increase in frequency because of strong selection and the selection coefficient utilizing data on the present allele frequency (0.15), effective population size and recombination rate. They estimated that the age of the allele was between 75 and 150 generations (1875 and 3750 years) and that the selection coefficient s was between 0.04 and 0.09 (assuming that the relative fitness levels of genotypes AA, AC and CC were 1, 1 þ s, and 1 þ 2 s, respectively). Modiano et al. (2008) calculated the age of the C haplotype in Burkina Faso by estimating the number of generations taken for linkage disequilibrium to decay to the observed level from the maximum expected when the C mutation occurred. They estimated that the age of the mutation was between 38 and 120 generations (950-3000 years), at the lower range of the estimate of Wood et al. (2005) .
HbE Hemoglobin E is the most common structural hemoglobin variant in Southeast Asia and has reached an allele frequency of up to 70% in some areas of northern Thailand and Cambodia. In general, neither hemoglobin S nor C variants are present in Southeast Asia and hemoglobin E is generally absent from populations in which S and C are present. This appears to be the result of historical differences resulting from mutational origin, but little is known about the interaction of E with S and E with C (Fucharoen, 2001) . It results from the substitution of lysine for glutamic acid in codon 26 (b26 Glu-Lys and GAG-AAG). Besides being a structural variant, the E variant also causes the production of an abnormal mRNA with less b-globin being synthesized. As a result, there is a mild thalassemia phenotype in EE homozygotes, but it does not appear to have an effect in AE heterozygotes (however, there is a much lower fitness of compound heterozygotes with both the E and the a-and b-thalassemia haplotypes; Fucharoen, 2001) . AE heterozygotes appear to have protection from invasion into erythrocytes by P. falciparum malaria (Chotivanich et al., 2002) . Where E is in high frequency, some other red cell disorders, such as a-thalassemia, are also in high frequency.
Although extensive sequence analysis has not been carried out, from examination of the haplotypic backgrounds for E alleles in northeast Thailand, more than one mutational origin (Fucharoen et al., 2002) is suggested. However, the E allele found in China is on the same haplotype as that found in Thailand (Ohashi et al., 2005) , suggesting that it does not have a different origin. From forward simulations, which used the amount of linkage disequilibrium close to the variant and the observed allele frequency, the age of the E allele was estimated to be about 100.3 generations (Ohashi et al., 2004) , or 2508 years, and the estimated selection coefficient between genotypes AA and AE was 0.079.
a-thalassemia
As I mentioned above, there are two linked genes with identical amino-acid sequences, HBA1 and HBA2, on chromosome 16 that code for a-globin. There are two primary types of a-thalassemia: a þ thalassemia, in which one pair of the genes is deleted or inactivated by a point mutation, and a 0 -thalassemia, in which both pairs of genes are deleted or inactivated. The deleted forms appear to be generated at a relatively high rate by unequal crossing over and Lam and Jeffreys (2006) estimated the rate of deletion generation in sperm from two men as 0.42 Â 10
À4
. The haplotypes or gametes for the deleted forms with 2, 1 and 0 genes are indicated by aa, Àa and ÀÀ, and the homozygous forms of a þ thalassemia and a 0 thalassemia are indicated by Àa/Àa and ÀÀ/ÀÀ. The a þ thalassemia is the most common monogenic disease in the world; however, as a homozygote, it results in an extremely mild anemia, ÀÀ/aa heterozygotes also have a mild anemia, similar to homozygous a þ anemia, that is, the phenotypic effect appears to be the same whether the deletions are on the same chromosome ÀÀ/aa or on different chromosomes Àa/Àa. For heterozygotes with three a genes, or Àa/aa, there is no anemia. When individuals are homozygous for deletions of both genes, ÀÀ/ÀÀ, or a 0 thalassemia, it is lethal and they are stillborn.
The frequency of a þ thalassemia is generally 410% in regions where malaria is prevalent and in some populations, such as in Nepal, parts of India and Papua New Guinea, it is over 80% (Flint et al., 1998) . In fact, a þ thalassemia appears similar to a transient polymorphism found in Nepal and Melanesia and it might eventually reach fixation given that selection continues to favor the Àa haplotype. However, in sub-Saharan African populations, a þ thalassemia frequencies do not exceed 50% despite intense malaria selection and Williams et al. (2005a) suggested that this might occur because of negative epistasis with the S allele (see discussion below).
The four different deletions that commonly cause a þ thalassemia (out of about 80 in total) have different somewhat non-overlapping distributions. For example, deletion Àa 3.7 is found nearly worldwide, but is most common in Africa, deletion Àa 4.2 has a high frequency in Southeast Asia and Àa 3.7I is found most commonly in African, Indian and Mediterranean populations (Flint et al., 1998) . In addition, there are many different local forms of these single-gene deletions, as well as of the deletions that eliminate both genes. Although the age of these variants has not been estimated, their localized presence suggests that they are recent, have arisen in different malarial areas and are increasing because of their selective advantage.
The distribution of both a and b thalassemia variants correspond closely to the regions that have historically had high rates of malaria (Weatherall and Clegg, 2001) and the local distribution of these variants also corresponds to endemic malaria (Siniscalco et al., 1961; Flint et al., 1986; Hill et al., 1988) . In addition, several studies have shown protection from severe malaria for individuals with a þ thalassemia, compared with individuals without thalassemia (Allen et al., 1997; Mockenhaupt et al., 2004; Williams et al., 2005b) . In a large case-control study in Kenya (Williams et al., 2005b) , the OR values, standardized to the normal aa/aa genotype, for a þ heterozygotes and homozygotes in Kenya are 0.623 and 0.522 for severe malaria, respectively (Hedrick, 2011b) . In the other case-control study in Papua New Guinea (Allen et al. 1997) , the standardized OR values of a þ thalassemia heterozygotes and homozygotes are 0.781 and 0.362, respectively, for severe malaria. Overall, it appears that many haplotypes that reduce expression of a-globin provide a selective advantage in resistance to severe malaria. Such a general advantage to an entire class of variants that reduces expression appears to be also true for b-globin variants and for G6PD-deficiency variants that reduce enzyme expression (see below).
Using the OR values mentioned above and equation (3), and assuming that m ¼ 0.1, the estimated relative fitness levels of individuals with different genotypes with different numbers of functional a gene copies are given in Table 3 . Here, the fitness of ÀÀ/ÀÀ is 0, as discussed above and the fitness of ÀÀ/Àa with one gene is w 1 and the fitness of ÀÀ/aa and Àa/Àa individuals are the same.
From these values, I intuitively expected the Àa gamete to increase in frequency to fixation, except for unequal recombination generating other gametes, and for there to be strong selection against ÀÀ gametes. This is true for the estimated Kenyan relative fitness values mentioned above for all values of w 1 (Hedrick, 2011b) . However, for the Papua New Guinea fitness values Àa goes to fixation only when genotype ÀÀ/Àa has a fitness of 0.79 or above. When w 1 is 0.78 or less, haplotype Àa does not increase in frequency and haplotypes ÀÀ and aa go to a heterozygote advantage polymorphic equilibrium, not substantially different from that observed for some Asian populations (Hedrick, 2011b) .
b-thalassemia
Remember that the 'malaria hypothesis' of Haldane (1949b) was proposed to explain the very high level of b-thalassemia in some Mediterranean populations. There is ordinarily only one copy of the HBB gene and b þ and b 0 thalassemia indicate the reduction and loss, respectively, of the production of functional protein. Individuals with b-thalassemia major are often homozygous for loss of production of b-chain mutants (although they may be compound heterozygotes for two mutants), have profound anemia and, if they are not treated with blood transfusions, die in their first year. Heterozygotes typically have mild anemia (b-thalassemia minor), but symptoms can vary greatly in severity from having severe anemia to being a symptomless carrier. In general, b-thalassemia is more of a public health problem because of this higher morbidity than a-thalassemia.
Most of the b-thalassemias are the result of singlenucleotide substitutions or small insertions or deletions.
Around 200 are known worldwide with many different local forms; therefore, the fact that they are the result of different mutations appears clear. Also, because of the local distributions, it appears that the mutants are recent in age. The frequency of carriers of b-thalassemia variants is from 5 to 20% in some areas, although not as high as the frequency of a-thalassemia variants (Weatherall and Clegg, 2001) .
Worldwide distribution of b-thalassemia generally coincides with historic distribution of malaria. Malaria is not present today in most areas with higher frequencies of b-thalassemia, such as around the Mediterranean; therefore, case-control studies are not possible. However, Willcox et al. (1983) carried out a case-control study in an endemic malaria area of Liberia and found evidence for malaria protection in b-thalassemia heterozygotes.
b-thalassemia variants exist in areas where there are structural b-globin variants and as a result, compound heterozygotes (heterozygotes with two different mutants) occur. For example, in areas of Africa and around the Mediterranean, there are S b-thalassemia heterozygotes. The severity of disease in these individuals varies depending on the nature of b-thalassemia allele, but at its most extreme can resemble sickle-cell anemia. In Southeast Asia, where the structural variant E is common, the compound heterozygote E b-thalassemia is also common (O'Donnell et al., 2009 ) and causes about 1/3 of the cases of severe thalassemia in Sri Lanka.
Enzymopathies

G6PD deficiency
Glucose-6-phosphate dehydrogenase, G6PD, is an important enzyme that catalyzes the first reaction in the pentose-phosphate pathway, part of glycolysis (Cappellini and Fiorelli, 2008) . In the erythrocyte, G6PD is the sole source of enzyme activity that protects from the buildup of super-radicals and to withstand oxidative stress. G6PD deficiency is the most common enzymopathy in humans, affecting around 400 million people worldwide with a global prevalence of 4.9%, although there is substantial variation among populations (Nkhoma et al., 2009) . Although G6PD-deficient individuals are generally asymptomatic throughout their life, factors that cause oxidative stress, such as particular drugs (including several antimalarials), foods or infections, can cause hemolytic anemia and neonatal jaundice. For example, digestion of fava beans can cause severe hemolytic anemia in individuals with the Med G6PD deficiency, a condition traditionally known as favism. Low mortality and low morbidity are associated with G6PD deficiency and it does not seem to generally affect life expectancy.
The G6PD gene has 13 exons, is 18 kb in length, is on the X chromosome close to the genes for hemophilia and color blindness and codes for a molecule that is 515 amino acids long. The active enzyme is composed of two or four identical 515 amino-acid subunits. The G6PD gene is one of the most polymorphic loci in the human genome and about 140 different molecular variants have been identified (Cappellini and Fiorelli, 2008) . Most of these have non-synonymous single-nucleotide replacements, a number of which are polymorphic. These variants range from ones that cause severe deficiency and chronic anemia to some that actually increase G6PD Table 3 The different genotypes for a-thalassemia with the number of a-globin genes and the estimated relative fitnesses of genotypes aa/aa, -a/aa and -a/-a from samples from Kenya and Papua New Guinea (Hedrick, 2011b) Genotype aa/aa -a/aa -a/-a or ÀÀ/aa ÀÀ/-a ÀÀ/ÀÀ activity. G6PD deficiency can be caused by a reduction in the number of enzyme molecules or a structural change causing enzyme instability. Because G6PD is on the X chromosome, males with a single deficient G6PD allele are affected. For females to show deficiency, they generally need to be homozygous for the deficient variant, although some heterozygous females can exhibit G6PD deficiency and even develop hemolytic anemia. The ancestral normal activity G6PD allele B is present worldwide, but the variants causing G6PD deficiency are generally more localized to specific geographic areas. Similar to the sickle-cell allele, the worldwide historic distribution of G6PD-deficient mutations reflects the historic distribution of malaria endemicity. For example, much of Africa has three main polymorphic alleles, the ancestral B allele with a frequency of about 0.6-0.8, the A allele, which differs from B by one amino acid (resulting from a difference at one nucleotide) and has a frequency of about 0.15-0.4, and the A-allele, which differs from A by one amino acid (also resulting from a difference at one nucleotide) and has a frequency ranging from 0.0 to 0.25 (Table 4) .
The A allele has 85% of normal G6PD activity and has not been demonstrated to provide resistance to malaria in contemporary populations. On the other hand, the A-allele has only 12% of normal activity and is thought to provide resistance to malaria (the A-allele is always found on the A background, so this combination may be necessary for malaria protection). The Mediterranean or Med allele is the second most common allele found in countries surrounding the Mediterranean Sea, India and Indonesia. It differs from allele B by one amino acid (resulting from a one-nucleotide change) at another site from that of A, has only 3% normal activity and is in frequencies ranging from 0.02 to 0.2. The Mahidol allele also differs from B by one amino acid (also from a onenucleotide change) at another site, has 5-32% the activity of the normal enzyme and reaches a frequency of 0.24 in some populations in Southeast Asia.
Overall, it appears in general that a reduction in G6PD enzyme activity, due to these variants and others, results in an increase in resistance to severe malaria. This is not unlike the general effect from number of variants at the a-globin and b-globin genes that result both in thalassemia from lowered gene expression and consequently an increase in resistance to severe malaria. The exact mechanism of increased resistance to malaria from G6PD deficiency is not known, but appears to be related to the inability of the malaria parasite to survive and reproduce in stressed G6PD-deficient cells.
To understand the effect of X-linkage on G6PD frequencies, let me assume that the frequency of a G6PD deficiency allele, say A-is q (and the frequency of the non-deficiency allele is 1Àq). Because males are hemizygous for genes on the X-chromosome, the frequency of males with G6PD deficiency is equal to the frequency of the A-allele, or q. Assuming HardyWeinberg proportions, the three female genotypes, BB, BA-and A-A-, have frequencies of (1Àq) 2 , 2q(1Àq) and q 2 , respectively. All female A-A-individuals have G6PD deficiency, but at a rate that is only q as much as males. However, some percentage of females heterozygous for G6PD-deficient alleles also show deficient G6PD activity, making this reduction somewhat less. On the other hand, The results of studies examining the risk of malaria for various G6PD-deficient genotypes are not consistent. For example, Ruwende et al. (1995) found in Gambia and Kenya that the reduction in risk (1-OR) of severe malaria in male hemizygotes (A-) was 58% and that the reduction in risk for heterozygous females (BA-) was 46%. On the other hand, Guindo et al. (2007) found that in two populations in Mali, the reduction in risk of severe malaria in male hemizygotes (A-) was also 58%, but in female heterozygotes (BA-) there was no reduction in risk. Further, when Guindo et al. (2007) examined only those individuals who were wild-type AA at the b-globin locus, the effect in males was increased (OR ¼ 0.28) whereas there was still no effect in females. Guindo et al. (2007) suggested that the difference in their results and that of Ruwende et al. (1995) might be based in the control groups used. In addition, Johnson et al. (2009) found no protective effect for either male hemizygotes (A-) or female heterozygotes (BA-) in a Uganda population, but did find a protective effect for females that were found to be G6PD deficient. This perplexing finding appears to be based on the incomplete correlation of genotype and phenotype for G6PD deficiency in female heterozygotes due to variable inactivation of the two X chromosomes (Mason et al., 2007) .
If we use the OR values from Ruwende et al. (1995) and the approach mentioned above to estimate selection coefficients in females (s f ) and in males (s m ), then they are 0.046 and 0.058, respectively. The three female genotypes, BB, BA and A-A-have fitnesses of 1-s f , 1 and 1, respectively, assuming that the heterozygote and the mutant homozygote have the same fitnesses (see Saunders et al., 2002) . The two male genotypes, B and A-, have fitnesses 1-s m and 1, respectively. Therefore, if we assume that the initial frequency of A-is 0.01, and using traditional equations for change in allele frequency for X-linked genes (Hedrick, 2011a, p. 154) , A-increases quickly and reaches a frequency near 1 by 200 generations (solid line in Figure 1) . Interestingly, the examples considered in all three figures here (G6PD deficiency, HBC and a þ thalassemia) include situations in which a malaria-resistant variant could go to fixation. If there is a symmetrical heterozygote advantage in females because the A-A-homozygotes have a lowered fitness due to G6PD deficiency, and no differential selection in males, then the frequency approaches its equilibrium value of 0.5 in about 300 generations (broken line in Figure 1 . When the A-A-females and the A-males have a selective disadvantage, but there still is a heterozygote advantage in females, then the frequency of A-slowly approaches its equilibrium value of 0.126 (dotted line in Figure 1 ), a value not too different from that observed in many populations.
The age of G6PD mutants have been estimated using several different approaches, some of which assume selection (assuming s f ¼ s m ¼ s) and others do not (Table 2) . Tishkoff et al. (2001) jointly estimated the age and selection for both A-and Med alleles using forward simulations and found that the estimated age of A-was 6357 years (254 generations) and the selection coefficient was 0.044, and that the estimated age of Med was 3330 years (132 generations) and the analogous selection coefficient was 0.034. From joint estimations using Bayesian methods, Slatkin (2008) estimated that the age of A-was only 1000 years (40 generations) and the selection coefficient was 0.25 and Louicharoen et al. (2009) estimated that the age of allele Mahidol was 1575 years (63 generations) and the selection coefficient was 0.23. The difference in these estimates may be because they were based on different data, with that of Tishkoff et al. (2001) based on microsatellite data and that of Slatkin (2008) based on sequence data. The selection coefficients and consequent times in Figure 1 are somewhat more consistent with that estimated by Tishkoff et al. (2001) than the estimates of Slatkin (2008) and Louicharoen et al. (2009) . Carter and Mendis (2002) suggested that the original selective force for G6PD deficiency could have been either for resistance to P. falciparum or P. vivax. As evidence for the importance of P. vivax, they cite the high frequency of G6PD deficiency in a population in northern Holland, an area where P. vivax was prevalent for centuries and P. falciparum is thought to have never existed. Recently, evidence has suggested that G6PD deficiency caused by the Mahidol mutation in Southeast Asians provides parasite resistance to infection by P. vivax, but not to that by P. falciparum. Further, G6PD deficiency Med in Pakistan has been shown to provide protection from P. vivax malaria (Leslie et al., 2010) .
Red blood cell surface loci
Two red blood cell loci, Duffy and ABO, that appear to provide protection from malaria, are similar in one sense that they both have two common functional alleles and a defective, loss-of-function allele that consequently Population genetics of malaria resistance PW Hedrick provides protection against malaria. On the other hand, the Duffy variant protects against P. vivax, whereas the O phenotype of the ABO system appears to provide protection against P. falciparum. The gene for band 3 ovalocytosis, the major transmembrane protein of red blood cells, also has a deletion, loss-of-function, mutant. This mutation provides protection from cerebral malaria, is lethal in homozygotes and appears to provide protection from both P. vivax and P. falciparum.
Duffy
The Duffy blood group antigen was first observed in 1950 and has two common antigens A and B produced by alleles FY*A and FY*B (for a review of the Duffy gene and malaria, see Zimmerman, 2004 This allele, FY*B ES , now termed erythrocyte silent (ES), is near fixation in sub-Saharan Africa (it is not a true null allele because it is expressed on cell types besides erythrocytes). From analysis of the sequences of these alleles, it appears that FY*A is ancestral with amino acid Gly (TGG) at codon 42. Allele FY*B differs from FY*A with Asp (TAG) at position 42. The ES allele in Africa differs from FY*B with a T to C SNP mutation, 33 nucleotides upstream from the transcription starting point (À33). This mutation disrupts a binding site for transcription factor GATA-1 on the gene promoter and blocks expression of the gene in erythrocytes.
Several experiments showed that Duffy ES homozygotes (FY*B ES /FY*B ES ) were resistant to infection by two malarial species, P. knowlesi and P. vivax, but were susceptible to infection by P. falciparum (Miller et al., 1976) . From these and other studies, it was shown that the Duffy antigen was the obligatory binding receptor used by P. knowlesi and P. vivax to enter red blood cells and that in homozygous ES individuals, no antigen was present on red blood cells and these malaria species could not infect them. In fact, it has been proposed (Hamblin and Di Rienzo, 2000) that the near absence of P. vivax in Africa, which is thought to have originated in Asia, occurs because there were no suitable hosts in Africa even though the African environment appears otherwise suitable for P. vivax. That is, nearly all Africans were FY*B ES /FY*B
ES
, because of an earlier selective sweep due to some previous selective force when P. vivax moved west to Africa from Asia. On the other hand, selection for resistance to P. vivax in Africans could have increased the frequency of the FY*B ES allele and subsequently eliminated P. vivax from Africa (Carter and Mendis, 2002 ES allele is one of the highest observed for any alleles in humans (Hamblin and Di Rienzo, 2000; Hamblin et al., 2002) . Further, the level of variation around the FY*B ES allele in Africa is significantly lower than that observed in an Italian sample for the Duffy region. Interestingly, the FY*B ES allele in Africa is found on two different haplotypes in three of the five African populations examined by Hamblin and DiRienzo (2000) , suggesting either two mutational origins of the FY*B ES in Africa or recombination/gene conversion between these haplotypes.
On the basis of phylogenetic relationships of the FY sequences, Hamblin and Di Rienzo (2000) estimated the age of the FY*B ES allele around 33 000 years ago. As P. vivax may have been a significant cause of morbidity before human populations increased in density because of the development of agriculture around 5000 to 10 000 years ago, they suggested that this earlier origin may be consistent with the suggested earlier impact of P. vivax. Using a microsatellite locus linked to FY, Seixas et al. (2002) estimated that the origin of the FY*B ES allele was more recent, either 7750 or 12 250 years ago, depending upon the haplotype they used (this assumes a generation length of 25 years).
Surprisingly, a Duffy ES allele found in low frequency (0.022) in Papua New Guinea, differed from FY*A in exactly the same way at the À33 nucleotide in the promoter region as does the FY*B ES allele found in Africa (Zimmerman et al., 1999) and is now called FY*A ES . Although this allele appeared to be on a FY*A background from analysis of restriction fragment patterns, more detailed sequence analysis could definitively exclude African ancestry for this allele. Zimmerman et al. (1999) also documented that there is half as much expression in these heterozygotes FY*A/FY*A ES as that in normal homozygotes FY*A/FY*A. Further, these heterozygotes were protected from P. vivax infection more than normal homozygotes whereas they were not protected from P. falciparum infection (Kasehagen et al., 2007) . The low frequency of FY*A ES appears to be the result of its recent origin, which is reflected in its association with specific alleles at two microsatellite loci about 3 cM from FY (Zimmerman et al., 1999) . Recently, Ménard et al. (2010) ) and Duffy-positive (having at least one allele that is FY*A or FY*B) individuals. In the sample examined of 476 asymptomatic Duffy-negative Population genetics of malaria resistance PW Hedrick individuals from eight locations, P. vivax was found in 8.8%. However, they still found a substantial reduction in clinical P. vivax malaria among Duffy-negative individuals compared with Duffy-positive individuals. It appears that this population with both Duffy-negative and -positive individuals provided an environment for strains of P. vivax to evolve the ability to invade Duffynegative individuals, giving an example of evolution for utilization of an alternate receptor besides the Duffy antigen for erythrocyte invasion.
SLC4A1 or band 3 ovalocytosis
Gene SLC4A1 (also known as erythrocyte Band 3 protein gene) codes for the major transmembrane protein of red blood cells and is an anion exchanger in the erythrocyte membrane. One mutation in this gene, found in Papua New Guinea and Malaysia, is due to a 27-nucleotide (9-amino-acid) deletion in a region that is highly conserved throughout species (Jarolim et al., 1991) . This deletion results in an abnormal protein structure and function and causes ovalocytosis, an abnormal shape of red blood cells (it is known as Southeast Asian ovalocytosis, or SAO), and mild hemolytic anemia in the heterozygote. The homozygote appears to be lethal because it has never been observed even in progeny from heterozygous matings (Genton et al., 1995) .
In populations from lowland Melanesia with high malaria rates, the frequency of this deletion can be as high as 15-20%, but it is not present in the malaria-free highlands. Neither S nor E hemoglobin variant is present in these populations and only some thalassemias and G6PD deficiency are known to be present to reduce the effects of malaria. Because most individuals in many of these areas are infected with malaria, and often multiple malaria species (Mueller et al., 2009) , other unidentified resistance variants appear to be present. There is substantial evidence that deletion heterozygotes are highly protected against malaria. For example, the frequency of the deletion was 0.146 in a sample of healthy Papua New Guinea children whereas it was not present in any of the children with cerebral malaria (Genton et al., 1995 see also; Allen et al., 1999) . Carriers also appear to be at lower risk of infection by both P. vivax and P. falciparum (Cattani et al., 1987;  however, see Kimura et al., 2002) .
The lethality of homozygotes and the high resistance of heterozygotes to malaria suggest that this deletion variant is somewhat similar to the sickle-cell allele in that the benefit to heterozygotes is high enough to counter the large fitness cost in homozygotes. However, it appears to be a relatively recent mutation because of its limited distribution and a detailed examination of variation at closely linked sites may provide insight as to its age.
ABO
For many decades, the ABO blood group system has been suggested to be associated with diseases and infections, including malaria. The gene consists of seven exons, is more than 18 kb in length and genomic analysis has found over 70 alleles at this locus, suggesting that it is one of the polymorphic genes in humans (Calafell et al., 2008) . The ABO glycosyltransferase performs the final step in the production of the ABO molecule by adding sugars to the precursor H antigen. This enzyme either adds the sugars N-acetylgalactosamine or galactose to form the A and B antigens or does not add a sugar, resulting in a functionless H (O) antigen. The three main antigenic classes (A, B and O) are all comprised of numerous alleles determined by both coding and noncoding sequences (Calafell et al., 2008) . The silent O alleles share a one-nucleotide deletion in codon 87 (nucleotide 261) of exon 6 that results in a frameshift mutation and premature termination of the polypeptide (Yamamoto et al., 1990) . The O alleles are the most common of the three allelic classes (about 0.6 worldwide) and have frequencies between 0.3 and 0.7 in most populations, the A alleles generally have frequencies between 0.2 and 0.3 and the B alleles have frequencies between 0.1 and 0.2. Native American or Australian aboriginal populations have O allele frequencies of nearly 1.0 (A and B do not appear to have not been present historically in these populations). Cserti and Dzik (2007) suggested that there is substantial evidence supporting the importance of allele O providing protection against malaria. Their conclusion is based primarily on the consistency between the worldwide distribution of ABO variants and historic presence of malaria, with the O allele more common in areas with historic malaria and the association of O genotypes with higher resistance to malaria and A and B genotypes with lower resistance in a number of studies (Uneke, 2007) . In a large recent study, Fry et al. (2008) showed in three African populations a strong association of O individuals with resistance to severe malaria and found that this effect was recessive, that is, AO and BO individuals were as likely to be susceptible as AA and BB individuals and that AB genotypes were the most susceptible. In addition, it appears that the O allele can protect against severe malaria by a mechanism of reduced rosetting (spontaneous binding of infected erythrocytes to uninfected erythrocytes) (Rowe et al., 2007) . Fry et al. (2008) calculated F ST values for the ABO genomic region and found that, even with its polymorphism within populations, it was an outlier for low F ST over populations. They suggested that this similar variation over different populations is the result of similar long-standing balancing selection over populations, perhaps caused by infectious pathogens, including P. falciparum. However, Calafell et al. (2008) found a more complicated pattern of differentiation over the ABO genomic region. Although the major O alleles share a one-nucleotide deletion, they differ in a number of nucleotide substitutions in both exons and introns. Unlike the other recent malaria-resistant alleles discussed here, the O human alleles, although different from the O chimpanzee allele (Kermarrec et al., 1999) , are much older. Calafell et al. (2008) estimates that the most common O alleles, O01 and O02, are the result of separate mutations and are B1.15 and 2.5 million years old, respectively. In other words, assuming that the O allele provides protection from malaria, this protection may be present because of selection originally favoring O alleles for some other reason.
Immune genes
The genes I have discussed above, such as the hemoglobin mutants and G6PD deficiency, provide innate Population genetics of malaria resistance PW Hedrick resistance to malaria. In addition, although human immunity to malaria is complex (Langhorne et al., 2008) , variants in the HLA complex have been shown to provide adaptive immunity to malaria. In general, innate resistance is more important in early childhood survival from malaria whereas adaptive immune response is more important in older children and adults. It appears that malaria protection from particular HLA variants is local and not universal (Hill et al., 1994; Ghosh, 2008) . Various factors, such as variation over different populations in malaria strains (and species), in red blood cell polymorphisms, and in HLA polymorphism, may contribute to this heterogeneous response to malaria (Ghosh, 2008) .
HLA-Bw53 and DQw5
HLA genes are in the human MHC (major histocompatibility complex) and are the most variable genes in the human genome. They have been shown to be, and have been, under balancing selection, using a number of different approaches (Garrigan and Hedrick, 2003) . It is widely accepted that the mechanism of balancing selection at HLA, and for MHC genes in other vertebrates, which retains genetic variants at these genes over species (trans-species polymorphism), is related to the protection that they provide against infectious disease (Hedrick and Kim, 2000) . HLA (and MHC) genes can be divided into class I and class II genes in which class I genes recognize intracellular antigens, as from viruses or intracellular stages of parasites, and class II genes recognize extracellular antigens, as from bacteria and parasites. One of the first conclusive demonstrations that HLA variation provided resistance to contemporary infectious disease was the large study showing protection from both specific classes I and II HLA types to malaria in Gambia .
As there are so many variant forms at many HLA genes (class I genes HLA-A and HLA-B have over 250 and 500 alleles, respectively; Garrigan and Hedrick, 2003) , particular associations may have occurred by chance and after correction for multiple comparisons, statistical significance for particular associations may be lost. As a result, Hill et al. (1991) used a two-stage strategy in which they first examined all 45 possible class I HLA-malaria associations in approximately half their samples serologically, and then in stage two in an independent sample examined explicitly the strongest association found in the first group (Bw53), using PCR. As shown in Table 5 , the proportions of young children heterozygous for Bw53 were nearly identical in the two independent samples for both the severe malaria and the mild control categories (the mild control group consists of children attending the same hospitals or clinics as those with severe malaria matched for age and area of residence). The calculated OR values were nearly identical in the two samples and indicated that Bw53 confers substantial protection from severe malaria in this population. In addition, a class II haplotype (DQw5), consisting of both DQ and DR genes, also showed a strong protective effect in this population (Table 5) .
The frequency of individuals with Bw53 (either homozygotes or heterozygotes) is highest in sub-Saharan Africans, reaching 40% in Nigeria and 25% in Gambia, whereas it is very rare (o0-1%) in Asians and Caucasians. Therefore, not only does there appear to be a strong contemporary protective effect, but also its geographical distribution is not unlike that for the sicklecell allele and indicates past selection favoring Bw53 in malarial environments. Similarly, haplotype DQw5 showed a novel arrangement of genes and it appears that this haplotype is not found, or is very rare, in Caucasians. Because of the high variation in the HLA region, it is not possible to age Bw53 in the way discussed above, but we can estimate the amount of selection and determine the number of generations it would take the genotype to increase in frequency to the present level.
For example, for the Bw53 genotype if OR ¼ 0.59 (the average of the values in Table 5 ) and m ¼ 0.1 (WHO, 1998), then s ¼ 0.041 from equation (3). Using this amount of selection (and standardizing such that the relative fitness of genotype with the highest fitness is 1) and assuming that the Bw53 allele is dominant, the relative fitnesses of genotypes Bw53/Bw53, Bw53/B(not w53) and B(not w53)/B(not w53) are 1, 1 and 0.959, respectively, where B(not w53) indicates all other alleles at gene HLA-B. If we assume that the Bw53 was at an initial frequency of 0.005, as it is now in parts of Europe (Hill, 1991) , then using a traditional population genetics selection equation (Hedrick, 2011a, p. 118) , it would take B86 generations or 2150 years for the frequency of individuals with Bw53 to reach 0.25 (Hill, 1991) . This time is substantially less than the time that was expected for strong selection to have occurred for malaria resistance in Africa.
It appears that Bw53 was generated by a gene conversion event in which only seven adjacent amino acids of the most common allele in Gambia, Bw35, were converted to another common motif . Because of the presence of potential donor sequences and the recipient sequence (Bw35) in Gambia, it appears that Bw53 arose locally. As the Bw35 allele does not appear to confer protection from malaria, it appears that this small converted region in its new background provides protection. Further examination of DQw5 by Davenport et al. (1995) showed that the higher resistance of this haplotype appeared to be the result of a one-amino-acid difference at the DRB1 gene and proposed that the resistance from the DQw5 haplotype occurs because this haplotype recognizes an epitope from the malaria parasite. Table 5 The frequency of HLA class I antigen Bw53 typed in two independent samples (sample sizes in parentheses) of young children by either serotyping or PCR and class II haplotype DQw5 in a population from Gambia for individuals with severe malaria or mild controls Below are given the odds ratio (OR) and the selection coefficient (assuming m ¼ 0.1) for Bw53 and for DQw5.
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Multiple resistance variants in the same population
As we find out more information about genes conferring resistance to malaria, we can apply population genetics approaches to predict the eventual outcome of selection when there are two or more variants undergoing selection in a given population. Potentially, different resistance variants may be different alleles at a given locus in which selection may function along with the normal ancestral allele to increase, decrease or stabilize genetic change. Different resistance variants at different loci may be statistically associated (in linkage disequilibrium), resulting in change that is not independent over loci. Moreover, resistance variants at different loci may have fitness values that are not independent over loci (epistasis) and influence genetic change. There are a number of known genes that could contribute independently (without epistasis) to malaria resistance in areas with high rate of infection; for example, G6PD deficiency and S in sub-Saharan Africa, and Duffy, a-thalassemia and ovalocytosis in Papua New Guinea. All of these genes are unlinked and are present on different chromosomes; therefore, no linkage disequilibrium between the resistance variants at different loci is expected, although there may be strong epistasis between them. However, as more resistance genes become known, some may be linked, so that both linkage disequilibrium and epistasis may become important factors influencing genetic change and overall resistance.
Here, I give two examples, one in which the genetic variants are different alleles at the same gene (S and C) and the other in which the genetic variants are different alleles at different genes, but there is epistasis between them (S and a-thalassemia). Remember that the a-globin and b-globin molecules each contribute two subunits to adult hemoglobin molecules, suggesting that this essential connection could provide potential for genegene interaction, or epistasis, as far as fitness. The geographical distributions of a and b thalassemia overlap and in individuals with both, the more severe forms of b þ thalassemia may be changed to a milder condition. Unbalanced production of a and b chains is a major cause of thalassemia, but if both are low, then the severity of anemia can be less. As a result, a-thalassemia can modify the phenotype of b-thalassemia such that it is not as extreme, a potential example of positive epistasis (Penman et al., 2009) . In addition, the sickle-cell anemia can be ameliorated by an increase in the production of fetal hemoglobin (Flint et al., 1998) , suggesting positive interaction between these genes.
Before I discuss the specific examples, let me provide a general perspective of resistance when several genes are involved. When several different resistance genes are present in the same population, assuming that the resistance variants function independently, the overall expected mean proportion of the population that is resistant to malaria R can be expressed as
where f ij and R ij are the frequency and resistance, respectively, of genotype j at the ith locus (notice that different loci may have different levels of dominance in this general equation). For example, let me assume that there are two resistant genotypes at locus 1 with frequencies f 11 ¼ 0.1 and f 12 ¼ 0.5 and resistances R 11 ¼ 0.5 and R 12 ¼ 0.3, and one resistant genotype at locus 2 with f 21 ¼ 0.3 and R 21 ¼ 0.5. Therefore, the mean proportion of resistance in the population is R ¼ 1 À ½1 À ð0:1Þð0:5Þ þ ð0:5Þð0:3Þ½1 À ð0:3Þð0:5Þ ¼ 0:32 or 32% of the population would be expected to be resistant to malaria.
S and C The polymorphic structural variants at the b-globin locus, S, C and E, confer resistance to malaria. Variant C is more localized in sub-Saharan Africa than S, but does co-occur with S in many populations. For example, Livingstone (1967) complied survey data on 72 populations from West Africa (about 33 000 individuals) and found a negative correlation between the frequencies of S and C when both genes were present. In general, there were more populations with frequencies of C between 0.075 and 0.15 and So0.05 and with frequencies of S between 0.075 and 0.15 and Co0.05 than expected. Although some early estimates of fitness suggested that there might be a stable equilibrium for the three alleles A, S and C, a very large data set from Burkina Faso from Modiano et al. (2001) suggested that the C allele would eventually become fixed in regions of malaria (see also Hedrick, 2004; Modiano et al., 2008) . Below I will discuss this example and estimate relative fitness levels of the six genotypes when there is simultaneous segregation for S and C in the same population and then use these values to predict change in allele frequencies in this population. Assume that genotype i provides protection from malaria because the frequency of genotype i in the diseased group is less than that in the control group, or that f id o f ic , as I did above. Further, if s i is the selection coefficient for genotype i, it can be estimated as in equation (3). Because selection for multiple genotypes at the locus is considered here (and relative fitness needs to scaled symmetrically around 1), w i , the relative fitness of genotype i, is
For example, if f id ¼ 0.2 and f ic ¼ 0.4 and m ¼ 0.5, then s i ¼ 0.3125 and w i ¼ 1.4545. Now assume that f id 4 f ic , that is, genotype i provides relative susceptibility to malaria. In this case, the selection coefficient can be defined as
Because selection gives a disadvantage to the genotype, the relative fitness of genotype i is In the study by Modiano et al. (2001) , there were statistically significant effects for the hemoglobin genotypes AA, AC, AS and CC (AC, AS and CC showed relative resistance and AA showed relative susceptibility). Table 6 lists the frequencies of these four genotypes in the control (healthy subjects) and disease (malaria patients) groups and the resulting OR values. The sample sizes for genotypes SC and SS were very small and the fitness levels used here were based on deviations from Hardy-Weinberg proportions (Hedrick, 2004) . Assuming m ¼ 0.1, Table 6 lists the relative fitness for these genotypes and also the fitness levels relative to the genotype with highest fitness, CC. Using these fitness levels, there are no stable or unstable three-allele equilibria, unlike earlier data (Hedrick, 2004) .
With this fitness level, if S is introduced by mutation or gene flow into a monomorphic A population, it will quickly go to a stable two-allele equilibrium with the equilibrium frequency of S equal to 0.12. If C is introduced by mutation or gene flow into a monomorphic A population, it will increase in frequency to fixation in slightly over 100 generations (Figure 2) ). When the S and A alleles are at their stable equilibrium, C can enter the population and eventually increase to fixation after about 200 generations. When both the C allele and the S allele are introduced simultaneously at low frequencies (0.01 here), the S allele will be eliminated (in about 100 generations in the example in Figure 2 ).
These outcomes occur primarily because genotype CC has the highest estimated relative fitness of any genotype. It may also explain particular situations as, for example, why the Dogon people of Mali have a much lower frequency of S than most other West Africans and have a high frequency of C (Agarwal et al., 2000) . Of public health significance, the mean fitness of the population will be 11.2% higher when the population is fixed for C than when it is polymorphic for A and S because of higher average resistance to malaria and the absence of sickle-cell anemia. Modiano et al. (2008) suggested that C is not as widespread as S because it is recessive in its advantage for malaria resistance. To estimate dominance for the favorable C allele, we can standardize the fitness levels so that genotypes AA, AC and CC have fitness levels of 1, 1 þ hs and 1 þ s, respectively, where h is the level of dominance for the favorable C allele (Table 7) . Given the estimated fitness levels and assuming that the fitness level of AA, AC and CC are w AA , w AC and w CC , respectively, then
and
Using the data in Table 7 , the estimates are of s ¼ 0.166 and of h ¼ 0.518. In other words, it appears that the advantageous effect of the C allele is very close to additivity (h ¼ 0.5) and is not recessive in its advantageous effect. Interestingly, if the C allele is more recessive, that is, the fitness of AC is lower, then the C allele cannot invade a population in which the S allele is at equilibrium.
S and a-thalassemia Two hemoglobinopathies, sickle cell and a þ -thalassemia, occur in high frequency in sub-Saharan Africa. Williams et al. (2005a) examined these disorders in Kenya in a population that was segregating for both variants. In this population, they found that the protection from malaria Below are the estimated relative fitnesses for the four genotypes assuming the mortality from malaria is m ¼ 0.1. In the bottom row, these values are standardized by the fitness of genotype CC, the genotype with the highest fitness (Hedrick, 2004) . The estimated values of s and h are given for the data in the bottom row. Figure 2 The increase in frequency of allele C when it begins at a frequency of 0.01 (short, broken line), when S also begins at a frequency of 0.01 (solid lines), and when S begins at its equilibrium frequency of 0.0895 (long, broken line) (after Hedrick, 2004) . The change in frequency of S is also given for the last two situations.
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given by each variant was lost when the two disorders were inherited together in the same individual (see also May et al., 2007) . They suggested that this negative epistasis could be the reason why a þ -thalassemia has not been fixed in any population in sub-Saharan Africa. This situation has been examined theoretically by Williams et al. (2005a) and Penman et al. (2009) , using an epidemiological approach. Here, I will use a traditional population genetics approach and show that the results are generally consistent with their findings, using an epidemiological model. An important caveat is that although most general properties discussed here are enlightening and significant, some conclusions can depend on rather small differences in estimated values (Williams et al., 2005a; Penman et al., 2009; Hedrick, 2011b) .
As background for discussion of the fitness array for these two loci, let us examine what the expectation is when there are independent effects on viability for the two loci (no epistasis on a multiplicative scale Hedrick, 2011a, p.554) . Table 8 lists on the left margin, the relative fitness values for the b-globin genotypes AA, AS and SS of 1-s, 1 and 0, respectively, and on the top, the relative fitness values for a-globin genotypes aa/aa, Àa/aa and Àa/Àa of 1, 1 þ ht and 1 þ t, respectively. The product of these marginal values yields the expected fitness levels in the table.
The expected relative viabilities for two-locus genotypes without epistasis can be calculated in the following manner. First, the difference in the relative values for genotypes AS aa/aa and AA aa/aa yields an estimate of s. The fitness of genotype AA aa/aa divided by the fitness of genotype AA Àa/Àa yields an estimate of 1 þ t. Therefore, for the example in Table 9b that I will discuss below, s ¼ 0.448 and t ¼ 0.275, resulting in a value of 1.275 for the expected fitness without epistasis of genotype AS Àa/Àa. The estimated value for this genotype of 0.554 is substantially lower than this expectation and illustrates negative epistasis.
To calculate the relative viabilities of the different twolocus genotypes (the approach used here was suggested by B. Penman), genotype-specific annual mortality rates were used based on the relative rates of hospital admissions in children with severe malaria (Table 9a ; from legend of Figure 2 in Williams et al. (2005a) ). To each of these mortality rates, an annual non-genotype specific mortality rate was added (in the example here, a rate of 0.034 was added) to yield a total annual mortality rate for each genotype. The reciprocal of these annual mortality rates provides an estimate of the relative life expectancies. When these values are standardized by the largest relative life expectancy (for these data the genotype AS aa/aa has the maximum value of 29.41), the relative viability values in Table 9b are obtained.
When there is a wild-type genotype at both loci, the estimated relative survival is only 0.552. Notice that both the presence of S in AS and the presence of Àa in both genotypes Àa/aa and Àa/Àa increases the estimated relative survival, given normal genotypes at the other locus. However, when there is an AS genotype and homozygosity for Àa, the relative survival is reduced to only 0.554, essentially the same relative survival for the wild-type genotype.
There are several things to note about this array of relative viability values. First, when only the normal aa haplotype at the a-globin gene is present (first column), there is a stable polymorphism with S having a frequency of 0.309. Second, when only the normal A allele is present at the b-globin locus (first row), the Àa/Àa genotype has the highest fitness, predicting that this variant haplotype would be fixed (unless there is a negative effect of anemia). Overall then, the normal AA aa/aa genotype has a low relative viability in this malarial environment.
We can intuit some two-locus behavior by examining these viability values further. For example, if the population is polymorphic for A and S, it appears that Àa will be able to increase from a low frequency in the population (enter) because the relative viability of AA Àa/aa is greater than that of AA aa/aa (the most frequent genotype at this point; first row of Table 9b ) and AS Àa/aa is only slightly less viable than AS aa/aa (second row). On the other hand, if the population is fixed for ÀaÀa, it does not appear that S can enter the population because AA Àa/Àa 4 AS Àa/Àa (last column of Table 9b ).
However, the genetic behavior of this two-locus fitness array has some further interesting properties that are observed if the two-locus gamete frequency equations with selection (Hedrick, 2011a, p. 559) are iterated. First, if the population is polymorphic at the equilibrium for A and S and Àa haplotype enters the population, the system will increase to a two-locus stable equilibrium with Àa having a frequency of 0.272 and S having a frequency of 0.256, with no linkage disequilibrium. The survival values are obtained by adding a non-genotype specific annual mortality of 0.034 to each of the mortality rates, taking the inverse, and then standardizing the resulting values so the maximum value occurs for genotype AS aa/aa. Population genetics of malaria resistance
Second, if the Àa is polymorphic, there is an unstable equilibrium such that Àa will, depending upon its initial frequency, either continue to increase or go to the twolocus equilibrium discussed above, if S is introduced into the population. Figure 3 presents this situation in which the initial frequency of S is 0.01 and the initial frequency of Àa is either 0.55 or 0.65. For 0.55, the frequency of Àa initially increases and then approaches the two-locus equilibrium at 0.272. On the other hand, when the initial frequency is 0.65, it continues to increase toward unity whereas S initially increases but then decreases to 0. In other words, the presence of S maintains the frequency of Àa lower when the fitness of AS Àa/Àa is low (high negative epistasis). If fitness of AS Àa/Àa is somewhat higher (less negative epistasis), then Àa can be fixed for all initial frequencies.
Conclusions
Genetic resistance to malaria in humans provides a rich source of data and examples of many aspects of population genetics, particularly cases of strong selection. For example, maintenance of the sickle-cell hemoglobin variant is the classic example of heterozygote advantage, G6PD deficiency is an example of very strong selection at an X-linked locus, variants at the b-globin gene (S, C and E) and causing G6PD deficiency (A-, Med and Mahidol) illustrate selective advantage from a singlenucleotide change, HLA-B53 provides an example of a selective advantage of a gene conversion product and a-thalassemia provides an example of selection on duplicated loci. In addition, understanding the geographic patterns of these variants includes consideration of selection as well as gene flow, mutation, genetic drift and the interaction of these factors. For example, to illustrate the importance of gene flow, most Mediterranean S alleles appear to descend from the African Benin haplotype (Flint et al., 1998) and the Southeast Asian deletion of both a-globin genes, ÀÀ
SEA
, is widespread in a number of Asian populations (Chui and Waye 1998; Bernini 2001 ). Estimating the age during which these variants have been strongly selected also includes incorporating information about recombination in the genomic region surrounding the selected variants.
An aspect of population genetics that will probably become even more important is the joint impact of multiple malaria resistance variants. Here, I discuss future changes in populations segregating for the two b-globin variants S and C and predict that, given the continued presence of malaria, selection will result in the elimination of S and fixation of C. In populations segregating for a-thalassemia and S, variants at two different loci, because of negative epistasis, either the a-thalassemia haplotype is predicted to be fixed and the S allele eliminated or a stable equilibrium of both variants is predicted depending upon the starting frequencies. Although these results are initially somewhat counterintuitive, one needs to realize that they are dependent upon specific estimated selection coefficients with large confidence intervals and which may vary over time (in the past or in the future) and may vary in different populations.
Obviously, Haldane (1949b) was correct to point out the potential importance of genetic variants in humans for resistance to malaria. Genes conferring resistance to malaria provide some of the best-known case studies of strong positive selection in modern humans and the sickle-cell hemoglobin variant remains the classic example of heterozygote advantage. Overall, the original 'malaria hypothesis' of Haldane that diseases such as thalassemia are polymorphisms with an advantage to heterozygotes in malarial environments has been proven correct; however, much is still to be learned about actual mechanisms of protection, other genes that confer resistance and the population genetics of this variation. Figure 3 The change in the frequency of S where the initial frequency is 0.01 and the change in the frequency of Àa where the initial frequency is either 0.55 or 0.65 using the relative fitness levels in Table 9b .
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